We derive capacity formulas for uncompensated links, showing that the launch power maximizing capacity is independent of link length and modulation format. We discuss the usable range of PM-QAM systems and validate analysis with simulations. 
Optical channel capacity with Gaussian constellation at the Nyquist limit
Assuming low-to-medium non-linearity (i.e., the "perturbative assumption"), link performance is approximately governed by a generalized optical signal-to-noise ratio of the form: OSNR=P Tx,ch /(P ASE +P NLI ), where P ASE is ASE noise power and P NLI is non-linearity interference (NLI) noise power. At the Nyquist limit, when the channel spacing f equals the baud-rate R s and the channel spectra are rectangular with bandwidth R s , the NLI power falling within a bandwidth B n can be approximated through the following formula [6]  is the span loss.
Resorting to Shannon's formula for the unconstrained channel capacity C=log 2 (1+SNR) [bit/s/Hz], where SNR is the ratio between the average signal power and the noise variance at the Rx decision stage, it is then possible to derive a similar formula for the polarization-multiplexed (PM) optical channel:
where the relationship between SNR and OSNR assumes matched electrical filtering. Note that since typical Rx adaptive equalizers tend towards matched filtering, this condition is also a realistic one. Using Eqs. (1)- (2) and assuming f=R s , we obtain the following closed-form expression for the capacity of a PM optical channel with uncompensated transmission:
Eq. (3) shows that capacity does not depend on either the baud-rate, the number of channels or the power per channel alone, but on the more fundamental Tx G and
WDM B
parameters. As an example, capacity is plotted in Fig. 1 (curve labeled "PM-Gaussian constellation") as a function of the signal PSD Tx G at two different propagation distances (1000 and 5000 km) over standard single-mode fiber (SSMF) with parameters: L s =100 km,  dB/km =0.22 dB/km, D=16.7 ps/nm/km, =1.3 1/W/km. The WDM comb is assumed to cover the overall C-band (B WDM =4 THz). Fig. 1 . Capacity vs. launch power spectral density after 1000 km (left) and 5000 km (right) over SSMF with span length 100 km. WDM transmission over the whole C-band (BWDM=4 THz) at the Nyquist limit (rectangular spectra with spacing f=Rs). Markers: curve maxima.
Optical channel capacity for realistic constellations
Assuming hard decoding at the Rx, the channel capacity can be directly derived from the knowledge of the transition probabilities between each pair of symbols of the considered modulation formats [4, 12] , by replacing the SNR with the non-linear OSNR using Eq. (1). In Fig. 1 the values of capacity obtained for PM-QPSK, PM-16QAM and PM-64QAM with hard decoding are shown. The plateau of 4 bit/symbol reached by PM-QPSK at 1000 km means that, at this link length, capacity is limited by the cardinality of the constellation rather than by signal degradation. PM-16QAM almost reaches its 8 bit/symbol theoretical maximum, while PM-64QAM is significantly limited and falls well short of its ideal 12 bit/s/Hz. The PM-Gaussian constellation is theoretically optimum and therefore it outperforms all other formats. Going to 5000 km, the values of capacity decrease for all formats, as expected, with higher-order modulation formats being farther away from their ideal capacity values.
One prominent feature of Fig.1 is that the optimum launch power is the same for every modulation format. It is also the same between the left and right plot, i.e., it is independent of link length (for a fixed span length). From Eq. (3) one can derive the optimum signal PSD which maximizes the channel capacity:
in which neither the number of spans nor any format-dependent parameters appear. Note however that the capacity maximum is reached at very different BER values among formats. For instance, at 1000 km PM-QPSK reaches its maximum capacity at a BER=6‧10 -8 whereas PM-16QAM and PM-64QAM reach theirs at 7‧10 -3 and 7‧10 -2 (at 5000 km they are 9‧10 -3 , 1‧10 -1 , 2‧10 -1 ). It is in fact their high BER values that make PM-16/64QAM capacity substantially lower than ideal. Note also that the ratio between the lost capacity and the ideal capacity of a format corresponds to the minimum required ideal FEC overhead necessary to obtain an arbitrarily low BER [12] . Practical FECs of course need higher overheads, although state-of-the-art FECs come rather close to the minimum required overhead.
The dependence of maximum capacity on total link length is plotted in Fig. 2 . The left plot assumes C-band transmission at the Nyquist limit. The right plot addresses a more realistic case of transmission of 32-Gbaud channels with 50 GHz spacing, where the number of channels was set equal to 11 in order to be able to validate the results through numerical simulations (dots in figure) . Capacity was predicted using Eq. (2), together with Eq. (4) in [6] . The latter provides P NLI when the spacing is different than the baud-rate, and requires numerical integration. Note that the plateau values of channel capacity in Fig.2b are lower than ideal due to the loss of spectral efficiency induced by the channel spacing being larger than the baud-rate (R s /f=32/50=0.64). The simulation dots in Fig. 2b were obtained by estimating the capacity from BER values [4] , [12] and show a good agreement with the predicted capacity. This confirms the accuracy of the NLI model [6] and, as a consequence, of capacity estimation based on it.
The results of Fig. 2 clearly highlight the trade-off between distance and capacity, in relation to the different modulation formats. Increasing the cardinality of the constellation, a higher capacity can be achieved, but typically over a shorter transmission distance and/or at a higher required FEC complexity. As an example, in Fig.2a , assuming a reference 20% FEC overhead, we can reach a distance of up to 500 km using PM-64QAM, 2000 km using PM-16QAM and 10000 km using PM-QPSK, approximately.
These distances are only slightly increased when going from baud-rate to (1.56 x baud-rate) channel spacing (Fig2b). This improvement is partly due to the wider spacing and partly to the smaller optical bandwidth B WDM (500 GHz rather than 4 THz). Nonetheless, at any given distance the capacity values of Fig. 2a are always larger than those of Fig. 2b , which shows that from the viewpoint of maximizing capacity, tighter spectral packing should be pursued: the greater non-linearity it causes is not enough to offset the capacity gain. Finally, note that the results of Fig. 2a are baud-rate independent. Fig. 2 . Maximum capacity vs. transmission distance, over SSMF with span length 100 km and EDFA noise figure 5 dB. Solid curves: analytical prediction. Dots: simulations. Plot (a): WDM transmission over the whole C-band at the Nyquist limit (total optical bandwidth BWDM=4THz, baud-rate spacing, rectangular spectra). Plot (b): 11 channels at 32 Gbaud and 50 GHz spacing.
